Abstract Myocardial matrix turnover involves a dynamic balance between collagen synthesis and degradation, which is regulated by matrix metalloproteinases (MMPs). N-acetylSer-Asp-Lys-Pro (Ac-SDKP) is a small peptide that inhibits cardiac inflammation and fibrosis. However, its role in MMP regulation is not known. Thus, we hypothesized that Ac-SDKP promotes MMP activation in cardiac fibroblasts and decreases collagen deposition via this mechanism. To that end, we tested the effects of Ac-SDKP on interleukin-1β (IL-1β; 5 ng/ml)-stimulated adult rat cardiac fibroblasts. We measured total collagenase activity, MMP-2, MMP-9, and MMP-13 expressions, and activity along with their inhibitors, tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2. In order to examine the effects of Ac-SDKP on the signaling pathway that controls MMP transcription, we also measured nuclear factor-κB (NFκB) and p42/44 mitogen-activated protein kinase (MAPK) activation. Ac-SDKP did not alter collagenase or gelatinase activity in cardiac fibroblasts under basal conditions, but blunted the IL-1β-induced increase in total collagenase activity. Similarly, Ac-SDKP normalized the IL-1β-mediated increase in MMP-2 and MMP-9 activities and MMP-13 expression. Inhibition of MMPs by Ac-SDKP was associated with increased TIMP-1 and TIMP-2 expressions. Collagen production was not affected by Ac-SDKP, IL-1β, or a combination of both agents. Ac-SDKP blocked IL-1β-induced p42/44 phosphorylation and NFκB activation in cardiac fibroblasts. We concluded that the Ac-SDKP-inhibited collagenase expression and activation was associated with increased expression of TIMP-1 and TIMP-2. These pharmacological effects of Ac-SDKP may be linked to the inhibition of MAPK and NFκB pathway.
Introduction
Collagen in the myocardial extracellular matrix (ECM) is a major determinant of myocardial structural integrity [42] . Regulation of myocardial ECM turnover involves a dynamic balance between ECM synthesis and degradation. Cardiac fibroblasts are an important site of synthesis of ECM as well as matrix metalloproteinases (MMPs), particularly MMP-2, MMP-9, and MMP-13 [6, 11, 12, 37, 38] . The activity of MMPs is tightly regulated by their activators, such as various pro-inflammatory cytokines [14] , and by specific inhibitors, including tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2 [7] . In several cell types, inflammatory cytokines like interleukin-1β (IL-1β) can activate MMPs or regulate the expression of TIMPs, thus inhibiting MMP activity [14] .
N-acetyl-Ser-Asp-Lys-Pro (Ac-SDKP) is a naturally occurring peptide with anti-inflammatory and anti-fibrotic properties [34] . We previously reported that Ac-SDKP inhibits myocardial collagen deposition following hypertension and myocardial infarction [28, 45] . We hypothesized that the Ac-SDKP-mediated decrease in organ fibrosis [4, 25, 26, 28, 29, 32, 45] could be a result of reduced collagen synthesis coupled with increased collagen breakdown. Previous in vitro observations made by us and others showed that Ac-SDKP inhibited collagen synthesis in rat cardiac fibroblasts (RCFs) [31, 35] , but whether Ac-SDKP inhibits or augments IL-1β-induced collagen degradation by MMPs is not known.
The primary goal of this study is to determine the effect of Ac-SDKP on IL-1β-stimulated MMP activity in cardiac fibroblasts. Contrary to our hypothesis, Ac-SDKP did not increase MMP activity in cardiac fibroblasts, but rather inhibited IL-1β-mediated increases in collagenase and gelatinase. It also blocked MMP-13 expression and attenuated reduction of TIMP-1 and TIMP-2 levels induced by IL-1β. It is well-documented that IL-1β stimulates the production and activation of MMPs via cellular signaling pathways linked to p42/44 mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NFκB) [5, 18, 24, 43] . Here, we found that IL-1β-induced p42/44 and NFκB signaling was also inhibited by Ac-SDKP.
Methods

Isolation of adult rat cardiac fibroblasts
Cardiac fibroblasts were isolated from the hearts of adult male Sprague Dawley rats (200 to 220 g) following the protocol described previously [35] . After the third passage, cells were plated at a non-confluent density on plastic culture dishes (Costar) and grown for 18 h in Dulbecco's modified Eagle's medium containing 10 % fetal calf serum and 1 % penicillin/streptomycin. Before drug treatment, cells were synchronized by serum starvation for 48 h.
Drug treatments
Fibroblasts were treated with vehicle (control), Ac-SDKP (0.1-100 nM), IL-1β (5 ng/ml; RDI), or Ac-SDKP plus IL-1β for 30 min to assess p-p42/44 and for 72 h to assess the activity and expression level of MMPs and TIMPs. Cells were preincubated with Ac-SDKP for 20 min before adding IL-1β. An angiotensin-converting enzyme (ACE) inhibitor captopril (10 −6 M) was also added to all groups to prevent breakdown of Ac-SDKP via ACE expressed by cardiac fibroblasts. We have chosen the dose of 1 nM Ac-SDKP based on our previous studies of cultured cardiac fibroblasts [31, 35] .
Detection of MMPs
Total collagenase activity in the cultured supernatant was determined with a commercial kit (Chondrex) according to manufacturer's instructions. This kit uses collagen I as a substrate, enabling us to measure collagenases including MMP-13 in the cultured supernatant of cardiac fibroblasts. MMP-2 and MMP-9 activities were determined by in-gel zymography as described previously [15] . Conditioned medium was collected and protein content was determined by the Bradford assay (Bio-Rad protein dye reagent) against a bovine serum albumin standard. Measurement of MMP activity per 10 μg protein was obtained by in-gel zymography with 10 % gelatin (Bio-Rad) as the substrate. Unstained digested regions representing MMP activity were quantified using an imaging densitometer (Scion image analyzer, NIH). MMP identity was determined using estimated molecular weights against pre-stained molecular weight markers and loading a positive control of active MMP-2 and MMP-9. MMP-2, MMP-9, MMP-13, TIMP-1, and TIMP-2 protein levels were assessed by Western blotting of the cultured supernatant using anti-MMP-2 (1:1,000; Anaspec), anti-MMP-9 (1:800; Anaspec), anti-MMP-13 (1:3,000; Biogene), anti-TIMP-1 (1:2,000; RDI), and anti-TIMP-2 (1:3,000; RDI) antibodies, respectively. The membranes were re-probed with an anti-GAPDH antibody (1:5,000; Abcam), and the density of the resulting bands was used to normalize the density of MMP and TIMP proteins.
Collagen synthesis
Quiescent cells were pretreated with Ac-SDKP (1 nM) or vehicle for 30 min before exposure to IL-1β (5 ng/ml) for an additional 72 h at 37°C; cell media was harvested for collagen measurement using hydroxyproline assay [35, 39] , and cells were harvested by trypsinizing the wells to determine the number of cells using trypan blue exclusion assay [36] . Collagen content was expressed as micrograms per 10 5 cells.
Phosphorylation of extracellular signal-regulated kinase (ERK) Cells were collected in lysis buffer (1 % Triton X-100, 0.5 % Nonidet P-40, 10 mmol/L Tris, 1 mmol/L EDTA, 1 mmol/L EGTA, 150 mmol/L NaCl, 0.4 mmol/L PMSF, 0.2 mmol/L sodium orthovanadate, and 1 g/L leupeptin). Protein concentration was determined using the Bradford assay (BioRad). Proteins from each group were separated by SDS-PAGE on 4-20 % gel, transferred to a PVDF transfer membrane (Amersham), and probed with anti-phospho-ERK1/2 (ERK1/2; 1:1,000; Cell Signaling) and anti-total ERK1/2 (1:1,000; Cell Signaling) antibodies.
Electrophoretic mobility shift assay (EMSA) for NFκB
NFκB expression was assessed in RCFs seeded in a 100-mm culture dish (5×0 6 cells per dish), serum-deprived for 48 h, and preincubated with or without Ac-SDKP (1 nM) for 30 min. They were then challenged with IL-1β (5 ng/ml) for 2.5 h at 37°C. Cells were harvested following the protocol in a kit from Active Motif (Carlsbad, CA, USA) to extract nuclear proteins. EMSA was conducted to measure nuclear translocation of NFκB using nuclear extracts from fibroblasts and EMSA "Gel Shift" Protocol for NFκB using a nonradioactive kit from Affymetrix (Santa Clara, CA, USA) according to the manufacturer's instructions. Optical density of the bands was compared as described previously [13] .
Statistical analysis
Data are presented as the mean ± SEM. Differences among treatment groups were determined by ANOVA with Tukey's post hoc comparisons or Hochberg's method to correct for multiple testing. p<0.05 was considered significant.
Results
Effects of Ac-SDKP on gelatinase activity in cardiac fibroblasts
In-gel zymography of the supernatant from cultured fibroblasts showed a specific band corresponding to the molecular weight of MMP-2 and MMP-9 (66 and 92 kDa, respectively; Fig. 1a) . At the basal level, there was no change in MMP-2 activity following the addition of Ac-SDKP. IL-1β increased MMP-2 activity 2.81±0.25-fold (p=0.001), and this effect was significantly blocked by concurrent treatment with Ac-SDKP (Fig. 1a, b) . On the other hand, the band corresponding to MMP-9 activity was absent under basal conditions or in cells treated with Ac-SDKP alone; however, MMP-9 activity was very apparent when cells were stimulated with IL-1β, and it was dose-dependently inhibited by concurrent Ac-SDKP treatment (Fig. 1a, c) .
Effects of Ac-SDKP on MMP-2 and MMP-9 protein levels in cardiac fibroblasts Ac-SDKP did not alter MMP-2 ( Fig. 2a) and MMP-9 ( Fig. 2b) protein levels in the basal condition. IL-1β increased the levels of MMP-2 (controls, 1.3±0.5 densitometric units; IL-1β, 3.4± 0.2 densitometric units; p<0.05), which was inhibited by Ac-SDKP (IL-1β+Ac-SDKP, 1.6±0.14; p<0.05, IL-1β vs. IL1β+Ac-SDKP). Similarly, IL-1β increased the levels of MMP-9 (controls, 0.5±0.06 densitometric units; IL-1β, 1.2± 0.1 densitometric units; p<0.05), which was inhibited by Ac-SDKP (IL-1β+Ac-SDKP, 0.83±0.06 densitometric units; p< 0.05, IL-1β vs. IL-1β+Ac-SDKP).
Effects of Ac-SDKP on collagenase activity in cardiac fibroblasts
We treated cardiac fibroblasts with Ac-SDKP, IL-1β, or both. At the basal level, Ac-SDKP did not alter and Ac-SDKP on MMP-2 and MMP-9. Conditioned medium was electrophoresed in 10 % gelatin gel and stained with Coomassie blue. Unstained digested regions (black lytic bands) corresponding to the molecular weight of MMP-2 (66 kDa) and MMP-9 (92 kDa) were visible after multiple washes. Quantification of b MMP-2 and c MMP-9 in cells treated with vehicle, Ac-SDKP, IL-1β, or Ac-SDKP+IL-1β. Bands corresponding to the molecular weight of MMP-2 and MMP-9 were quantified. Bar graph represents pooled data from five different experiments, each done in triplicate collagenase activity (control, 6.0±0.6 U/mg protein; Ac-SDKP, 4.5±0.5 U/mg protein; p=NS, control vs. Ac-SDKP); however, IL-1β significantly increased collagenase activity (IL-1β, 9.4±0.6 U/ml; p<0.01, IL-1β vs. controls). This effect of IL-1β was significantly decreased by Ac-SDKP (5.3±0.7 U/mg protein; p<0.01, IL-1β vs. IL-1β+ Ac-SDKP) (Fig. 3) .
Effects of Ac-SDKP on MMP-13 levels in cardiac fibroblasts MMP-13 was produced by cardiac fibroblasts at the basal level. IL-1β increased MMP-13 further (controls, 1.5±0.32 densitometric units; IL-1β, 3.6±0.7 densitometric units; p<0.05), and its expression was significantly inhibited by Ac-SDKP (2.0±0.41 densitometric units; p<0.05, IL-1β vs. IL-1β+Ac-SDKP). Ac-SDKP did not alter MMP-13 levels under basal conditions (Fig. 4) .
Effects of Ac-SDKP on TIMP-1 and TIMP-2 levels in cardiac fibroblasts Western blotting of the cultured supernatant showed that cardiac fibroblasts treated with IL-1β had significantly reduced TIMP-1 (controls, 3.1±0.87 densitometric units; IL-1β, 1.1±0.1 densitometric units; p<0.01). Ac-SDKP treatment led to a small but significant increase in TIMP-1 to 1.7± 0.7 densitometric units (p<0.05, IL-1β vs. IL-1β+Ac-SDKP) (Fig. 5b) . In addition, IL-1β decreased TIMP-2 (controls, 2.1±0.5 densitometric units; IL-1β, 0.7±0.3 densitometric units; p<0.05). Ac-SDKP partially reversed the inhibitory effect of IL-1β (1.4±0.4 densitometric units; p<0.05, IL-1β vs. IL-1β+Ac-SDKP) (Fig. 5d) .
Effects of Ac-SDKP on collagen synthesis
We tested whether IL-1β alone or in combination affects collagen production in fibroblast culture. We found that none of the treatments significantly affected total collagen production compared to the control (Fig. 6) .
Effect of Ac-SDKP on IL-1β-induced ERK1/2 signaling in cardiac fibroblasts IL-1β reportedly increases MMP activity by inducing phosphorylation of ERK1/2 (p42/44 MAPK) [5] . We tested whether the Ac-SDKP-mediated decrease in MMP activity is related to the inhibition of p42/44 phosphorylation in IL- In basal conditions, Ac-SDKP had no effect, whereas in IL-1β-treated fibroblasts, Ac-SDKP significantly reduced p42/44 MAPK phosphorylation (0.98±0.34 densitometric units; p<0.05, IL-1β vs. IL-1β+Ac-SDKP) (Fig. 7) .
Effects of Ac-SDKP on IL-1β-activated NFκB in cardiac fibroblasts
IL-1β is a potent activator of NFκB in cardiac fibroblasts [43] . We tested whether the Ac-SDKP-mediated decrease in MMP activity is related to the inhibition of NFκB activation in IL-1β-stimulated fibroblasts. IL-1β significantly stimulated NFκB binding activity (controls, 3.01±0.5-fold increase vs. control; p<0.005). Conversely, pretreatment with Ac-SDKP significantly reduced IL-β-induced NFκB binding activity (2.02±0.32-fold vs. control; p<0.01) (Fig. 8) . Ac-SDKP itself had no effect on NFκB activity. This result suggests that Ac-SDKP blunted NFκB activation in IL-1β signaling.
Discussion
We have previously shown that Ac-SDKP inhibits collagen synthesis [35] and decreases cardiac fibrosis [28, 32] . Our aim was to investigate whether Ac-SDKP also activates collagenolytic enzymes in cardiac fibroblasts. The major finding of this study is that Ac-SDKP had no effect on total collagenase and MMP-2 and MMP-9 activities or protein levels and MMP-13 at the basal level. Rather, it counteracted the effects of IL-1β on gelatinase and total collagenase activity, MMP-2, MMP-9, MMP-13, TIMP-1, and TIMP-2 protein levels, p42/p44 phosphorylation, and NFκB activation. Thus, these data imply that decreased collagen deposition caused by Ac-SDKP may not be necessarily due to increased collagen degradation, but rather to decreased collagen synthesis [35] . MMP activity is regulated by both transcriptional and posttranslational mechanisms. Posttranslational regulation occurs through the activation of latent proenzymes (proMMPs) by factors such as serum, heparin, prostaglandin E 2 , and proinflammatory cytokines [2, 22, 40] . IL-1β is a crucial MMPregulatory cytokine and has been shown to increase MMP expression and activity in various cell types, including chondrocytes [3] , vascular smooth muscle cells [33] , and fibroblasts [24, 30, 38] . We know that Ac-SDKP blocks tissue infiltration by monocytes and macrophages [34, 45] , which can produce and/or activate various cytokines including IL-1β. Here, we found that Ac-SDKP opposes the stimulatory effects of IL-1β on MMP activity.
MMPs are important enzymes involved in the breakdown of ECM components, including various collagen types. MMPs can be divided into different subgroups, among them collagenase (MMP-1, MMP-8, and MMP-13), gelatinase (MMP-2 and MMP-9), stromelysin (MMP-3 and MMP-7), membrane-type MMPs (MMP-14), and others [20, 23] . MMP-1, MMP-8, and MMP-13 (collagenases) specifically split the triple helix of fibrillar collagens [23] . The resultant denatured collagen molecule is then susceptible to degradation by other proteases, particularly the gelatinases MMP-2 and MMP-9. Thus, the role of collagenases might be crucial for the initiation of ECM remodeling. Of all the collagenases, we chose to measure MMP-13 because it is the only MMP of the collagenase family shown thus far to be expressed in RCFs [38] . MMP-13 is a collagenase found in the cardiac interstitium [46] ; it degrades fibrillar collagens of various types, including types I and III, the major constituents of the cardiac ECM [1, 19] .
Although IL-1β has been shown to activate gelatinases in cardiac fibroblasts [37, 38] , its role in collagenase activation is not known. We found that IL-1β also increased collagenase activity in adult RCFs. As MMP-13 is the major collagenase secreted by cardiac fibroblasts, the decrease in collagenase activity by Ac-SDKP was at least partly due to the inhibition of MMP-13 expression. Cytokine upsurge accompanied by MMP-2 and MMP-9 activation has been implicated in various myocardial pathologies including hypertension, myocardial infarction, and dilated cardiomyopathy [8, 37] . In vitro, cytokine stimulation of cultured cardiac fibroblasts regulates MMP expression and activity [38] . As reported earlier, IL-1β increased MMP-2 protein expression and activity as measured by in-gel zymography [38] . Ac-SDKP inhibited the IL-1β-mediated increase in MMP-2 activity and protein expression, suggesting that the decreases in MMP-2 zymographic activity were at least partly due to decreased protein expression. This finding would fit well with an original preliminary observation in which Ac-SDKP prevented cardiac rupture in mice subjected to myocardial infarction [44] ; in this model, Ac-SDKP would prevent not only the invasion of the myocardium by inflammatory cells, but also MMP-2 and MMP-9 expressions and activities.
MMP activity is inhibited by endogenous TIMPs [41] . TIMP-1 works better than any other TIMPs against MMP-1, MMP-3, MMP-9, and MMP-13, while TIMP-2 has a greater affinity for MMP-2. Since we observed that IL-1β-induced MMP-2 activity is inhibited by Ac-SDKP, we focused on measuring TIMP-1 and TIMP-2. As reported previously, IL-1β reduced TIMP-1 and TIMP-2 levels in cardiac fibroblasts. This effect was partially blocked when the cells were co-treated with Ac-SDKP, indicating that the inhibitory effect of Ac-SDKP on MMP-2 activity is mediated in part by an increase in TIMP-1 and TIMP-2.
Various signaling cascades are involved in MMP regulation. Ac-SDKP inhibits Smad2/3 and ERK1/2 MAPK signaling in cardiac fibroblasts without affecting p38 and JNK activity [35] . IL-1β was found to stimulate MMP-9 synthesis and release by activating PI3K-Akt and MEK1-ERK signaling cascades, while p38 signaling was not involved [5] . Moreover, ERK1/2 signaling was shown to be directly involved in MMP regulation, as inhibition of its phosphorylation by U0126, an inhibitor of mitogen-activated protein kinase kinase, led to decreased MMP-2 and MMP-9 activities [9] . The current study shows that Ac-SDKP inhibits the effects of IL-1β on ERK1/2 phosphorylation, suggesting that Ac-SDKP-mediated regulation of MMP-2 activity could be related to the inhibition of the ERK1/2 signaling cascade. The inhibitory effect of Ac-SDKP on ERK1/2 could likely involve the activation of Src homology 2-containing protein tyrosine phosphatase-2 [27] , which has been shown to regulate IL-1β signaling in fibroblasts [17] . NFκB is another important downstream regulator of MMP expression and activity in cardiac fibroblasts [43] and other fibroblast types [18, 24] . This transcription factor is composed of two subunits of 50 and 65 kDa, which are sequestered in the cytoplasm in an inactive form by IκB. Upon activation, IκB undergoes phosphorylation and degradation, and the NFκB heterodimer translocates into the nucleus, where it binds to DNA and activates transcription [10, 16, 21] . Indeed, specific inhibition of NFκB in RCFs has been show to blunt IL-1β-stimulated increases in MMP-2 and MMP-9 expressions and activities [43] . Our present study also shows that inhibition by Ac-SDKP of MMPs was paralleled by a significant blockade of NFκB activity. As depicted in Fig. 9 , Ac-SDKP interfered with IL-1β-induced MMPs via inhibition of MAPK and NFκB activation; however, it remains unclear how phosphorylated p42/p44 is associated with NFκB activation in MMP expression and activation [10, 16, 21] .
Adverse myocardial remodeling in dilated cardiomyopathy and post-myocardial infarction [8, 37] is preceded by inflammatory cell infiltration, cytokine release, and activation of collagenase and gelatinase [8, 37] . In our previous study, we observed that Ac-SDKP inhibited infarct rupture in a mouse model of myocardial infarction [44] ; this may have resulted from Ac-SDKP inhibiting cytokine-mediated MMP expression and activation in cardiac fibroblasts. Therefore, Ac-SDKP or its analogs that are resistant to ACE or other enzymatic degradation could potentially be used as a new therapeutic agent that counteracts the adverse effects associated with MMP activation in pro-inflammatory conditions including infarction. Fig. 9 Schematic representations of signaling pathways that are affected by Ac-SDKP. IL-1β-stimulated increase in MMP-2/MMP-9 and other collagenase protein levels and activity is blocked by Ac-SDKP, interfering with the activation of ERK1/2 and NFκB signaling pathways
